ADDITIONAL INDEX WORDS. strain, cuticle, cracking, fruit growth, Prunus avium ABSTRACT. Frequency and distribution of microcracks in the cuticular membrane (CM) were monitored in cheek, suture, pedicel cavity and stylar regions of developing sweet cherry (Prunus avium L.) fruit using fl uorescence microscopy following infi ltration with a fl uorescence tracer (1 to 2 min in 0.1% w/v acridine orange containing 50 mM citric acid and 0.1% Silwet L-77, pH 6.5). These microcracks were limited to the cuticle, did not extend into the pericarp and were only detected by microscopy. Fruit mass and surface area increased in a sigmoidal pattern with time between 16 days after full bloom (DAFB) and maturity. The increase in frequency of fruit with microcracks paralleled the increase in fruit mass. During early development (up to 43 DAFB) the CM of ʻSamʼ fruit remained intact. However, by 57 DAFB essentially all ʻSamʼ fruit had microcracks in the pedicel cavity and ≈25% in the suture region with little change thereafter. At maturity percentage of ʻSamʼ fruit with microcracks in cheek, suture, pedicel cavity and stylar end region averaged 23%, 25%, 100%, and 63%, respectively. Similar data were obtained for ʻHedelfi ngerʼ (70% and 100% for cheek and pedicel cavity, respectively), ʻKordiaʼ (80% and 100%) and ʻVanʼ (100% and 100%). Generally, microcracks were most severe in pedicel cavity and stylar end region. Most of the fi rst detectable microcracks formed above periclinal walls of epidermal cells perpendicular to their longest axis (72% and 92% in cheek and stylar regions, respectively). The other microcracks formed above the anticlinal walls were mostly oriented in the direction of the underlying cell wall. There was no difference in projected surface area, length/width ratio or orientation among epidermal cells below, adjacent to or distant from the fi rst detectable microcracks in the CM. However, as length of microcracks increased the projected surface area of cells underlying cracks increased suggesting strain induced upon cracking of the CM. Permeability of excised exocarp segments in osmotic water uptake was positively correlated with number of stomata and number of microcracks in the CM. From our results we suggest that strain of the epidermal system during stage III of fruit growth is a factor in "microcracking" of the CM that may predispose fruit to subsequent rain-induced cracking.
Rain-cracking of fruit is a limitation in production of sweet cherry fruit worldwide. Cracking is thought to result from increased turgor caused by water uptake into the fruit (Andersen and Richardson, 1982; Considine and Kriedemann, 1972) .
Macroscopic fruit cracking is preceded by development of minute fractures in the cuticular membrane (CM) that initially traverse only the CM and that do not extend into epi-and hypodermal cell layers and the mesocarp (Glenn and Poovaiah, 1989) . We refer to these initial fractures of the CM as microcracks, since they are not detected without the aid of a microscope (Glenn and Poovaiah, 1989) . These microcracks are often observed on immature and mature sweet cherry fruit (Glenn and Poovaiah, 1989; Sekse, 1995) and frequency of microcracks generally increases during development (Knoche et al., 2001 ).
Development of microcracks may be an early event in macroscopic fruit cracking, since 1) the CM is the rate limiting barrier to water transport across the fruit surface (Beyer and Knoche, 2002; Knoche et al., 2000) and water uptake was increased in fruit having microcracks (Glenn and Poovaiah, 1989) , and 2) macroscopic cracks were reported to develop along microcracks and progress along their length (Glenn and Poovaiah, 1989) .
Up to now the mechanistic basis of formation of microcracks in the CM is unknown. Knoche et al. (2004) demonstrated that the CM is markedly strained particularly during stage III or "fi nal swell" of fruit development. This stage is characterized by a rapid increase in fruit mass and hence surface area, while CM mass on a per fruit basis remains constant. The strain of the CM resulting from fruit surface expansion in the absence of CM deposition is expected to cause stress and stress induced failure is a basic concept in material science.
To gain a better understanding of the mechanism of formation of microcracks in the CM, analysis of the fracture pattern may be helpful. If strain was an important factor, crack formation should be related to fruit surface expansion and development of strain in the CM. Furthermore, microcracks would be expected to be preferentially oriented relative to the primary axis of strain. Finally, formation of microcracks in the CM should result in an increase in strain of the underlying epidermal cells. To test this hypothesis, we investigated the occurrence, distribution and characteristics of microcracks in the CM of developing sweet cherry fruit. We focused on developing sweet cherry fruit, since cracking susceptibility increased markedly towards maturity (Christensen, 1996) .
Materials and Methods
PLANT MATERIAL. Frequency and distribution of microcracks in the CM of developing sweet cherry fruit (ʻHedelfi ngerʼ, ʻKordiaʼ, ʻSamʼ, and ʻVanʼ; all grafted on P. avium ʻAlkavoʼ rootstocks planted in 1989) CM were monitored. Fruit were sampled at weekly intervals between 16 and 92 DAFB (ʻHedelfi ngerʼ), 16 and 85 DAFB (ʻKordiaʼ), 16 and 78 DAFB (ʻSamʼ), and 16 and 71 DAFB (ʻVanʼ) in a commercial orchard located near Eisleben, Germany (lat. 51°31´N, long. 11°44´E) in 2000. These fruit originated from a minimum of ten representative trees per cultivar and sampling time. Fruit were selected for uniformity and freedom of visual defects, pooled per cultivar, transferred to the laboratory and held overnight at 5 °C. Subsamples were formed and used in our earlier study for determining fruit mass, osmotic potential, strain of CM, and mass of CM per unit fruit surface area (Knoche et al., 2004) and in the present study for monitoring frequency and distribution of microcracks in the CM. Sweet cherry fruit of ʻBurlatʼ (grafted on P. avium ʻAlkavoʼ) were obtained from a commercial orchard at Höhnstedt, Germany (lat. 51°30´N, long. 11°44´E) in the 2003 growing season and used for characterizing microcracks. Trees were cultivated according to current regulations for integrated fruit production (Landespfl anzenschutzamt Sachsen-Anhalt, 2000 , 2003 .
MASS AND SURFACE AREA OF DEVELOPING FRUIT. Data for mass of developing ʻHedelfi ngerʼ, ʻKordiaʼ, ʻSamʼ, and ʻVanʼ fruit were reproduced and redrawn with permission from Knoche et al., Physiol. Plant. 120:667-677, 2004 . Fruit surface area was calculated from fruit mass assuming a spherical shape of the fruit and a density of 1000 kg·m -3 as a fi rst approximation.
MONITORING MICROCRACKS IN DEVELOPING FRUIT.
Following equilibration at room temperature, fruit were incubated in a solution containing the fl uorescent tracer acridine orange at 0.1% and a silicone surfactant [surface tension, 21 mN·m -1 at 0.1% (Silwet L-77; Witco, Düsseldorf, Germany) (Knoche et al., 1991) ] in 50 mM citric acid buffer at pH 6.5. Solutions containing Silwet L-77 infi ltrated microcracks in the CM. After 1 to 2 min, fruit were removed from solution and blotted dry using tissue paper. Exocarp segments (ES) comprising CM, epidermis, hypodermis and some cell layers of mesocarp tissue were excised by razor blade from cheek, suture, pedicel cavity and stylar regions (ʻSamʼ; 22 to 78 DAFB) and from cheek and stylar regions (ʻHedelfi ngerʼ, 22 to 92 DAFB; ʻKordiaʼ, 22 to 85 DAFB; ʻVanʼ, 22 to 71 DAFB). ES were transferred to the stage of a fl uorescence microscope (model BX-60; Olympus, Hamburg, Germany) and viewed at ×100 (330-385 nm excitation wave length, 420 nm emission wave length; Olympus fi lter module U-MWU). Ten randomly selected areas (621 × 468 μm 2 ) per ES of a total of ten fruit per sampling date, region and cultivar were inspected for microcracks in the CM. Severity of microcracks was quantifi ed using the following rating scheme ( Fig. 1 ): score 0, surface without cracks (Fig. 1A) ; score 1, single microcrack Images were taken at ×100. Scale bar 100 μm.
shorter than longest dimension of the underlying epidermal cell (Fig. 1B) ; score 2, more than one microcrack shorter than longest dimension of underlying epidermal cell or single microcrack longer than longest dimension of the epidermal cell (Fig. 1C) ; score 3, less than eight microcracks longer than longest dimension of underlying epidermal cells (Fig. 1D) ; score 4, eight or more microcracks longer than longest dimension of underlying epidermal cells (Fig. 1E) . CHARACTERIZING INITIAL MICROCRACKS IN THE CM. Digitized images of short microcracks (rating score 1) in cheek (n = 60) and stylar end region (n = 60) of a minimum of 40 macroscopically sound ʻBurlatʼ fruit were prepared following infi ltration as described above using a video camera (Hitachi Denshi Europa GmbH, Rodgau, Germany) fi tted to the fl uorescence scope. The microcracks selected were shorter than the longest dimension of the underlying epidermal cell. The following characteristics were determined by image analysis (analySIS 3.0; Soft Imaging System GmbH, Münster, Germany): Location of microcrack (above the anticlinal vs. periclinal cell wall in cheek and stylar regions); orientation of microcrack above periclinal cell wall [angle formed by length axis of crack and length axis of underlying epidermal cell (stylar end and cheek region), angle formed by length axis through crack and stylar/pedicel axis (cheek) or radial axis through stylar scar (stylar scar region)]; orientation of microcrack above anticlinal cell wall (angle formed by length axis of crack and anticlinal cell wall); dimension of microcrack and underlying cell (area, length, width, length/width ratio). Epidermal cells adjacent to or distant from the crack (mean distance 200 μm from crack) served as comparison. Frequency distributions were established for orientation of microcracks and epidermal cells using nine orientation classes covering a range in orientation from -90 to 90° relative to the respective reference axis and a class width of 20° ( Fig. 4A-D WATER PERMEABILITY OF EXOCARP SEGMENTS. Effects of microcracks on the osmotic water permeability coeffi cient (P f ) were determined using the procedure established previously (Beyer and Knoche, 2002) . The P f is also referred to as fi ltration permeability or osmotic water permeability P os (House 1974; Schönherr, 1982) or conductance for water uptake g uptake (Beyer and Knoche, 2002) . Briefl y, exocarp segments free of defects by visual inspection were excised from the cheek of mature ʻSamʼ sweet cherry fruit and mounted on stainless steel diffusion cells using a high vacuum grease. Diffusion cells were fi lled with a receiver solution containing polyethylene glycol (PEG 6000; Merck Eurolab GmbH, Darmstadt, Germany) via a sampling port in the bottom. Osmolality of the receiver solution as determined by vapor pressure osmometry (model 5520; Wescor, Logan, Utah) was 1140 mmol·kg -1 (equivalent osmotic pressure -2.83 MPa). This osmolality corresponded to the osmotic pressure of juice extracted from a representative sample of mature ʻSamʼ sweet cherry fruit. Diffusion cells were tape sealed (tesa Film; tesa-Werke, Offenburg, Germany). Experiments were initiated by weighing diffusion cells and applying ≈0.15 mL of deionized water as the donor solution to the exocarp segment. Donor solutions . Fruit surface area was calculated from fruit mass assuming a spherical shape of the fruit and a density of 1000 kg·m -3 . Arrow in A indicates onset of elastic strain in the cuticle (Knoche et al., 2004) . Figure  2A reproduced with permission from Knoche et al. (2004) .
determined by fl uorescence microscopy on an individual ES basis. Since CM, stomata, and microcracks represent parallel pathways for water uptake through the fruit surface, multiple linear regression analysis was used to express P f as a function of the number of stomata and of small and large microcracks per ES (n = 152). The parameter estimates obtained thus represent estimates of the P f of stomata, small and large cracks, the intercept term the P f of the CM between stomata and microcracks. TERMINOLOGY AND DATA ANALYSIS. Our study focused on microscopic cracks in the CM that are referred to as microcracks. These microcracks are limited to the CM, do not extend into the epi-and hypodermal cell layers or the mesocarp of the fruit, and are only detected by microscopy (Glenn and Poovaiah, 1989) . Fruit having microcracks in the CM by fl uorescence microscopy are termed "cracked" fruit. Thus, these "cracked" fruit would be classifi ed as intact based on macroscopic inspection.
Frequency of cracked fruit (score >0) was calculated as percentage of total number of fruit inspected, and severity of cracks as the average of rating scores >0. Time course data of change in severity of microcracks, and of osmotic water uptake are presented as means and standard errors of means. Nonlinear (Proc. NLIN, logistic model) and linear regression analysis (Proc. REG) was carried out using SAS (version 8; SAS Institute, Cary, N.C.). . Fruit surface area was calculated from fruit mass assuming a spherical shape of the fruit and a density of 1000 kg·m -3 . Arrows in A, B, C indicate onset of elastic strain in the cuticle (Knoche et al., 2004) . Figure 3A -C redrawn with permission from Knoche et al. (2004) .
were removed at 1, 2, 3, and 4 h after droplet application, diffusion cells were weighed, and donor solutions were reapplied. The osmotic water permeability coeffi cient (P f in m·s -1 ) was calculated from fl ow rates (F in kg·s -1 ) of water across the exposed segment area (A in mPa) using the gradient in water potential between the water donor and the PEG receiver solution as the driving force (∆Ψ in megapascals) according to Eq. [1]:
In this equation (in cubic meters per mole) represents the partial molar volume of water, ρ (in kg·m -3 ) the density of water, R (in m 3 Pa mol -1 K -1 ) the universal gas constant and T (in K) the absolute temperature (Nobel, 1999) . F was obtained from the slope of a linear regression line fi tted through a plot of mass of diffusion cells vs. time (n = 152, overall mean r 2 = 0.95 ± 0.08). Following transport experiments, ≈0.15 mL of a 0.1% acridine orange solution containing 0.1% Silwet L-77 was applied to the surface of the ES to infi ltrate microcracks and stomata. The dye solution was removed after 1-2 min by carefully blotting. Numbers of stomata and short (microcracks shorter than longest dimension of the underlying epidermal cell) and long microcracks (longer than longest dimension of the underlying epidermal cell) were 
Results
Mass and surface area of ʻSamʼ sweet cherry fruit increased in a sigmoidal pattern with time [ Fig. 2A (for regression equations see Knoche et al., 2004) ]. The increase in fruit mass was paralleled by a corresponding increase in frequency of fruit with microcracks in the CM (Fig. 2B-E) . The CM remained crack-free in all regions up to 43 DAFB (end of stage II; Fig. 2) . Thereafter, percentage of fruit with microcracks increased and averaged 23%, 25%, 100%, and 62% in cheek, suture, pedicel cavity, and stylar region at maturity, respectively (Fig. 2) . The steepest increase occurred in the pedicel cavity region where all ʻSamʼ fruit developed microcracks within a 14-d period between 43 and 57 DAFB (Fig. 2D) . Compared to the pedicel cavity region, the change in frequency with time was more variable in cheek, suture, and stylar regions (Fig. 2 B, C, and E) . Microcracks in the CM of ʻSamʼ fruit were most severe in the pedicel cavity and stylar regions (mean rating scores 3.3 ± 0.1 and 3.1 ± 0.3, respectively), and least severe in cheek and suture regions (mean rating scores 1.2 ± 0.2 and 1.0 ± 0.0, respectively; Fig. 2 insets) . The increase in severity of microcracks with time paralleled the increase in frequency of fruit with microcracks.
Qualitative data similar to ʻSamʼ were obtained for ʻHedelfi ngerʼ, ʻKordiaʼ, and ʻVanʼ (Fig. 3 ). There were no microcracks in the CM up to ≈43 DAFB (end of stage II) followed by a rapid increase during stage III (Fig. 3) . Quantitatively, a higher percentage of mature ʻHedelfi ngerʼ, ʻKordiaʼ, and ʻVanʼ fruit had microcracks in the cheek region as compared with that of ʻSamʼ. There was little difference between cultivars in percentage of fruit with microcracks in the stylar region. Across cultivars, microcracks in the stylar region were generally more severe than in the cheek region (Fig. 3) . Percentage of fruit with microcracks and severity of cracks were positively related [r = 0.75 (P ≤ 0.001); pooled data for cultivars and regions].
To explore early development of microcracks in the CM we focused on characteristics of short microcracks (rating score 1) and underlying, adjacent, or distant epidermal cells in cheek and stylar region of ʻBurlatʼ fruit. The area of these short microcracks was markedly smaller (median area of cracks: 30.6 and 108.5 μm² equivalent to 2.1% and 6.4% of the projected surface area of underlying cell in cheek and stylar regions, respectively) than the projected surface area of underlying epidermal cells, indicating that these cracks were detected shortly after formation. Most (72% and 92% in the cheek and stylar regions, respectively) of these microcracks formed above periclinal walls of epidermal cells; the remaining 28% and 8% above anticlinal cell walls, respectively.
Microcracks and underlying epidermal cells were preferentially oriented in the cheek and, even more so, in the stylar end region (Fig. 4 A and B) . In the cheek region, microcracks were often oriented parallel to the stylar/pedicel axis, but underlying epidermal cells perpendicular to the stylar/pedicel axis (Fig. 4A) . For the stylar region, crack orientation was tangential relative to the stylar scar, but that of cells below cracks was dominantly radial (Fig. 4B) . For both regions, most microcracks formed perpendicular to the longitudinal axis of the underlying epidermal cell (Fig. 4C) . Cracks above anticlinal cell walls were mostly parallel to the wall ( Fig. 4D ; data for cheek).
Projected surface areas of epidermal cells were highly variable. The projected surface area of epidermal cells below (1454 ± 89 μm 2 ) these short microcracks (score 1) did not differ statistically from those adjacent to (1424 ± 74 μm 2 ) or distant from the crack (1423 ± 65 μm 2 ; Fig. 5A ). However, when longer microcracks that extended beyond the dimensions of the underlying cell were included in the analysis, a weak, positive, and signifi cant relationship between the projected surface area of epidermal cells below the crack and crack length was obtained (Fig. 6) . The slope of the regression line that may be interpreted as the increase in projected surface area of the epidermal cell per unit crack length was higher for cells below the crack than for those adjacent to or distant from the crack. If the strain of epidermal cells underlying longer microcracks in the CM increased in response to crack formation, we would expect these cells to have a larger projected surface area than those adjacent to the crack. This was the case, since the difference in projected surface area (Y in μm²) of epidermal cells below minus that of cells adjacent to the crack was positively related to crack length and extrapolated to zero [X in μm; regression equation: Y = 2.4 (± 0.4) X; r² = 0.28 (P ≤ 0.001)]. There was little difference in length/width ratios of epidermal cells below the crack (2.0 ± 0.1), neighboring (1.9 ± 0.1), or distant cells (1.8 ± 0.0; Fig. 5B ). Furthermore, there was no difference in orientation of epidermal cells below, adjacent to or distant from cracks ( Fig. 5 C and D) . Water uptake through excised exocarp segments of mature ʻSamʼ sweet cherry fruit increased linearly with time (Fig. 7) . Osmotic water permeability was related positively to frequency of microcracks and number of stomata (Table 1) . When expressing osmotic water permeability of exocarp segments as a function of the number of stomata, of shorter and longer microcracks per segment using multiple linear regression analysis, the regression coeffi cients obtained represent estimates of permeability of an individual stoma, short or long microcrack, respectively, the intercept term an estimate of the intact CM between stomata and cracks. Permeability of a long microcrack in the CM exceeded that of an average stoma by almost one order of magnitude. The permeability of a short microcrack in osmotic water uptake, however, was markedly smaller (18% of the permeability of an individual stoma) and not signifi cantly different from zero at the crack densities encountered in these experiments (P = 0.07). Time (h)
No microcracks Short microcracks Long microcracks Fig. 7 . Time course of water uptake through excised exocarp (ES) segments of mature ʻSamʼ sweet cherry fruit in the presence and absence of short and long microcracks in the cuticle (CM). ES were inspected for microcracks in the CM (and for stomata) by fl uorescence microscopy following water uptake experiments. For regression equation describing the relationship between osmotic water permeability and number of stomata, short and long microcracks see Table 1 . Short microcracks were shorter than the longest dimension of the underlying epidermal cell, long microcracks were longer. Table 1 . Parameter estimates of multiple linear regression equation expressing the osmotic water uptake permeability (P f ) of excised sweet cherry fruit exocarp segments (ES) as a function of the number of stomata (sto), of short (crack short , length shorter than longest dimension of underlying epidermal cell) and of long microcracks in the cuticle (crack long , length longer than longest dimension of underlying epidermal cell). The regression model was of the type: P f (× 10 -8 m·s -1 ) = B0 + B1 × crack long (no. per ES) + B2 × crack short (no. per ES) + B3 × sto (no. per ES). 
Discussion
Our study provides three important and new observations. First, formation of microcracks was closely related to the onset of stage III of fruit development in all cultivars and all regions of the fruit surface investigated. Second, microcracks were oriented perpendicular to orientation of the underlying epidermal cells. Third, the difference in projected surface area of epidermal cells underlying minus that adjacent to microcracks in the CM was positively related to length of the cracks.
Analysis of the fracture pattern of the CM in the course of fruit development and information on the role of microcracks in water uptake allows to address the following questions: 1) Why and where does the CM crack fi rst? 2) What are potential consequences of microcracks in the CM?
CHARACTERISTICS AND DISTRIBUTION OF MICROCRACKS. The exocarp represents the mechanical backbone of sweet cherry fruit. It comprises epidermal and hypodermal cell layers and CM. Fruit expansion causes tangential stress which in turn generates a compressive radial force normal to the tangential strain (Considine and Brown, 1981) . Thus, tangential structures such as periclinal cell walls of the exocarp and CM are under tension, with the outermost layer subjected to the largest tension. The mesocarp is held under compression by the tension generated in the exocarp. The pressure generated by the strained exocarp composite contributes to fruit turgor. Our data indicate that in sweet cherry fruit the CM as part of the exocarp composite also contributes to turgor. First, we obtained a weak, signifi cant, and positive relationship between the projected area of cells below microcracks and length of microcracks indicating that epidermal cells were strained in response to cracking of the CM (Fig. 6) . Cracking of the CM apparently resulted in the transfer of stress from the CM to the underlying epidermal cell. Second, we demonstrated earlier that abrading the CM slightly decreased fruit turgor (-0.22 MPa; Knoche et al., 2004) . However, this decrease was markedly smaller than that resulting from cutting the epidermal and hypodermal cell layers which essentially eliminated fruit turgor (-0.67 MPa) in mature fruit. Also, we expect it to be even smaller in immature fruit. During maturation sweet cherries soften and tension is gradually transferred from epidermal and hypodermal cell layers to the CM. This process is initiated as early as 30 DAFB in sweet cherry fruit (Kondo and Danjo, 2001) and would result in increasing stress and possibly development of microcracks. These arguments explain why the fi rst cracks occur in and are initially limited to the CM.
Microcracks in the CM on the sweet cherry fruit exocarp occurred more often above periclinal than anticlinal cell walls (72% vs. 28%, respectively). Microcracks above periclinal cell walls in cheek and stylar end regions mostly were oriented perpendicular, those above anticlinal cell walls mostly parallel to the longest dimension of the underlying epidermal cell. These observations indicate that lack of cell to cell adhesion was not a dominating factor in microscopic cracking of sweet cherry fruit. The higher frequency of failure above periclinal cell walls may be accounted for by a thinner CM possibly resulting from nonuniform CM deposition and/or strain. Alternatively, the structural support of the CM from underlying cell walls may be nonuniform and possibly limiting in periclinal, compared to anticlinal, regions of the cell wall. Stomata or lenticels that act as stress concentrators in grape (Vitis vinifera L.; Brown and Considine, 1982) were not involved in microscopic cracking of sweet cherry fruit, since stomata were only occasionally associated with cracks. The reason for CM failure above a particular epidermal cell remains unknown, since epidermal cells underlying cracks did not differ signifi cantly from neighboring or distant cells either in size, orientation, or length/ width ratio. Occasionally (e.g., Fig. 1F ) microcracks appeared to form in response to scratches on the fruit surface. Under orchard conditions fruit are subjected to mechanical stress resulting from contact with leaves, branches, neighboring fruit and from agitation during wind, spray application, etc. This stress, however, is a random event that would not be expected to result in preferential orientation of microcracks.
COMPARING DEVELOPMENT OF MICROCRACKS ACROSS REGIONS AND CULTIVARS. The change in frequency and severity of microcracks with time was remarkably similar for all cultivars and regions investigated. CM remained intact up to ≈43 DAFB. Thereafter, frequency and severity markedly increased. The beginning of development of microcracks corresponded closely to the onset of stage III of fruit growth in the four cultivars that is characterized by a rapid increase in fruit mass and hence, surface area (Knoche et al., 2004) . In our earlier study we demonstrated that stage III development proceeds in the absence of CM deposition thereby causing signifi cant elastic and plastic strain of the CM (Knoche et al., 2004) . In the four cultivars investigated elastic strain of the CM was detected at about 43 DAFB (see arrows in Figs. 2A and 3A-C). Elastic strain causes stress in the CM and stress, in turn, could result in failure. Since the data from this and our previous study are directly comparable, it may be speculated that development of microcracks in the CM is related to and possibly caused by the strain of the CM during fruit growth. This hypothesis is also supported by the preferential orientation of microcracks perpendicular to the longest dimension of underlying cells (Fig. 4B) .
It is interesting to note, that frequency and severity of microcracks differed between regions. Microcracks in the CM were more frequent and more severe in pedicel cavity and stylar scar regions than in suture or cheek regions (Figs. 2-3 ; Sekse, 1995) . Several factors may account for this observation. First, curvature of the fruit surface is largest in stylar scar and pedicel cavity regions where, based on theoretical considerations, stress would be greatest (Considine and Brown, 1981) . Second, stylar scar and pedicel may represent less extensible domains in the fruit surface that restrict strain in their immediate vicinity, thereby causing stress concentration in adjacent regions (Brown and Considine, 1982) . Third, stylar scar and pedicel cavity regions are characterized by long periods of surface wetness that could result in localized water uptake and/or altered mechanical properties of the CM (Petracek and Bukovac, 1995; Wiedemann and Neinhuis, 1998) . Tukey (1969) reported that exposing developing apple [Malus ×sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.] fruit to high humidity resulted in severe russeting of fruit. Russeting is preceded by formation of microcracks in the CM.
POTENTIAL CONSEQUENCES OF MICROCRACKS IN THE CM. Microcracks in the CM may predispose sweet cherry fruit to raininduced macroscopic fruit cracking. First, microcracks serve as high fl ux pathways for water transport bypassing the penetration barrier (Fig. 7) . Water uptake along this route occurs by viscous fl ow, which is far more rapid than diffusion through an intact CM. Unfortunately, regions that were most prone to microcracking of the CM are those with prolonged periods of surface wetness following rain-fall.
Second, microcracks in the CM weaken the entire exocarp by promoting crack extension and focusing of stress in a particular region. The weak, albeit signifi cant positive relationship between the projected area of cells underlying microcracks and length of microcracks suggests that failure of the CM increases the strain of underlying epidermal cell. The stress in the CM released upon failure is transferred to underlying epidermal tissue. As length of microcracks increases for example due to water uptake into the fruit, more and more stress is transferred from the CM to the epidermal system. This interpretation is consistent with the observation that fruit cracking began at a point along a microcrack and progressed along its length (Glenn and Poovaiah, 1989) . Failure of the exocarp and subsequently, the entire fruit, would occur when the yield point of epidermal tissue is exceeded. The yield point, in turn, will depend on many factors, including the mechanical constitution of the fruit as affected by the number of hypodermal cell layers, thickness and mechanical properties of epidermal and hypodermal cell walls (Belmans et al., 1990) , degree of fruit softening during maturation (Kondo and Danjo, 2001) , strain rates, fruit turgor, presence of surface moisture, and cultural factors like water supply to the tree as affected by rootstock, rain shelters, or irrigation regimes (Hovland and Sekse, 2003; Sekse, 1995) . These factors may also account for the absence of a clear relationship between cracking susceptibility of the four cultivars as rated in cultivar descriptions (Bundessortenamt, 1997; Christensen, 1996) and the frequency or severity of microcracks in the CM as observed in the present study.
Third, Hovland and Sekse (2003) reported close positive relationships within cultivars between cracking indices determined in incubation assays and extent of the macroscopically detectable concentric ring cracking in the stylar end region of the fruit. The microcracks described in our study were also oriented tangentially to the stylar scar and, based on the observations of Glenn and Poovaiah (1989) , would be expected to develop into macroscopically visible concentric ring cracks described by Hovland and Sekse (2003) . Also, microcracks impair the barrier function of the CM to invasion with microorganisms (Glenn and Poovaiah, 1989) . For example, cuticular cracks promoted postharvest fruit rot in sweet cherry (Borve et al., 2000) and similar effects are expected preharvest. These detrimental effects of cuticular cracks are aggravated by the apparent absence of repair mechanisms such as periderm formation during stage III of sweet cherry fruit development.
In summary, from our data it appears likely that microcracks in the CM are a general characteristic of the sweet cherry fruit surface at maturity. These microcracks develop during stage III, when fruit increase in mass and surface area within a short period of time. Most of these cracks were orientated perpendicular to the underlying epidermal cells. This observation and the remarkable coincidence between development of microcracks (this paper) and strain of the CM (Knoche et al., 2004) suggest that strain of the epidermal system during stage III development is an important factor in "microcracking" of the CM. Since microcracks in the CM may predispose fruit to the well known rain-induced macroscopic cracking (Glenn and Poovaiah, 1989; Hovland and Sekse, 2003; Sekse, 1995) , the relationship between fruit growth, i.e., total, elastic or plastic strains of the CM (Knoche et al., 2004) and development of microcracks merits a critical analysis. This analysis can now be performed, since cracking (this paper) and strain data (Knoche et al., 2004) are available for the same batch of fruit.
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